Background. Human metapneumovirus (HMPV) causes acute respiratory tract infections in infants and children. We sought to measure the clinical and economic burden of HMPV infection in hospitalized children. Methods. We conducted a retrospective cohort study from 2007 to 2013 at Primary Children's Hospital in Salt Lake City, Utah. Children <18 years of age with laboratory-confirmed HMPV infection were included. Demographic, clinical, and financial data were abstracted from the electronic medical record. Results. During the study period, 815 children were hospitalized with laboratory-confirmed HMPV infection: 16% <6 months, 50% 6-23 months, 23% 2-4 years, and 11% 5-17 years of age. A complex chronic condition was identified in 453 (56%) children hospitalized with HMPV infection; this proportion increased with increasing age (P < .001). There was marked variation in annual HMPV hospitalization rates, ranging from 9 of 100 000 person-years in 2012-2013 to 79 of 100 000 in 2009-2010. Hospitalization rates were highest among children <2 years (200 of 100 000 person-years) and lowest among children 5-17 years of age (5 of 100 000). Of hospitalized children, 18% were treated in the intensive care unit and 6% required mechanical ventilation. The median length of stay was 2.8 days (interquartile range [IQR], 1.8-4.6) and did not vary by age. The median total hospital cost per patient was $5513 (IQR, $3850-$9946) with significantly higher costs for patients with chronic medical conditions (P < .001). Conclusions. Human metapneumovirus infection results in a large number of hospitalizations with substantial morbidity, resource utilization, and costs. The development of a safe and effective vaccine could reduce the clinical and economic burden of HMPV.
both the community hospital for Salt Lake County, Utah, and as a tertiary referral center for 5 states in the intermountain west (Utah, Idaho, Wyoming, Nevada, and Montana). Primary Children's Hospital is owned and operated by Intermountain Health Care (IH), a not-for-profit, vertically integrated healthcare system.
Study Design
We performed a retrospective cohort study among Utah resident children <18 years of age who had laboratory testing for viral acute respiratory tract infections (including HMPV) at PCH over a 6-year period ( July 2007 through June 2013). Respiratory specimens are routinely tested for viruses in all patients admitted to PCH with respiratory symptoms for the purposes of isolation, cohorting, and medical treatment. In addition, respiratory viral testing was performed on all febrile infants <90 days of age.
Inpatient Cohort
The inpatient cohort consisted of children with laboratoryconfirmed HMPV, who were hospitalized for 24 hours at PCH and whose admission was principally attributable to HMPV infection. Data abstracted for all eligible patients included the following: the total hospital length of stay (LOS), the presence of complex chronic conditions (CCC) [21] [22] [23] , secondary bacterial infections, intensive care unit (ICU) admission, use of mechanical ventilation, and total hospital costs. The financial transaction database contained within the IH Enterprise Data Warehouse contains detailed data about the cost of providing healthcare. This system identifies and aggregates the variable-and fixedcost components of patient activities, hospital services, and products according to the date of service [24] [25] [26] . Hospital costs incurred in years 2007 to 2013 were standardized to 2013 US dollars by applying a yearly consumer price index adjustment for medical services [27] .
Human Metapneumovirus-Related Illness
Two authors (C. R. D. and K. A.) independently reviewed the principal International Classification of Diseases, Ninth Revision (ICD-9) discharge diagnosis codes for each hospitalization. Only hospitalizations where the principal ICD-9 code was for a respiratory condition were included in the analysis. Six principal ICD-9 codes accounted for 80% of HMPV hospitalizations, which included the following: bronchiolitis, 466.19 (55%); viral pneumonia, 480.8 (10%); asthma exacerbation, 493.92 (6%); bronchiolitis due to RSV, 466.11 (3%); bacterial pneumonia, 482.9 (3%); and viral pneumonia, 480.9 (2%).
Respiratory Viral Testing
Testing for HMPV was initiated in 2007 using direct fluorescent antibody (DFA) testing (HMPV Monoclonal Antibody Analyte Specific Reagent Conjugate; Diagnostic Hybrids, Athens, OH). For DFA-negative specimens, viral culture was performed using 4 shell vials with 48-hour exit stains with specific fluorescent antibodies. Testing for rhinovirus began in January of 2008. Starting in 2009, DFA-negative samples were submitted for multiplex polymerase chain reaction testing (Luminex xTAG Respiratory Virus Panel; Luminex Diagnostics, Austin, TX). Since April 2012, all respiratory samples were tested using the FilmArray Respiratory Panel multiplexed nucleic acid amplification test (BioFire Diagnostics, Salt Lake City, UT). As described above, indications for respiratory viral testing remained constant throughout the study period.
Definition of Study Terms and Outcomes
Secondary bacterial infections were defined as the isolation of Staphylococcus aureus, Streptococcus pneumoniae, typeable Haemophilus influenzae, or Streptococcus pyogenes from a sterile site (blood, pleural fluid, or cerebrospinal fluid [CSF]), or from a respiratory tract specimen if obtained by bronchoalveolar lavage or a protected brush specimen. To evaluate CCCs that may influence disease severity among children with HMPV infection, we examined discharge codes for ICD-9 codes associated with CCCs, as previously described [22, 23] . We analyzed the burden of HMPV infection in hospitalized children by examining the following outcomes: hospitalization rates, ICU admission, LOS, complications, and hospital costs. Complications were defined as respiratory failure requiring mechanical ventilation, secondary bacterial infections, and death.
Statistical Analysis
Data were analyzed using Stata 13.1 (StataCorp LP, College Station, TX). Fisher's exact test and χ 2 tests were used for categorical variables. The Wilcoxon rank-sum test was used for continuous variables. Linear and logistic regression models were constructed to compare complication rates. The results of regression analyses are presented as odds ratios (ORs) with 95% confidence intervals (95% CIs). Population-based incidence rates were determined for Salt Lake County residents only. To estimate the incidence of HMPV-related hospitalizations, we used all children <18 years who were residents of Salt Lake County (as defined by the zip code for primary residence at the time of admission) divided by the age-specific population for the county using data obtained from the Utah Department of Health's Indicator-Based Information System for Public Health [28] . The total number of cases identified at PCH was divided by PCH's market share of Salt Lake County hospitalizations for bronchiolitis and pneumonia by age group over the study period (range, 87%-96%) to achieve representative incidence rates. Of the 815 children who were hospitalized and included in the study, the vast majority (97%) had only 1 visit in which HMPV was detected. However, 22 (3%) patients had 2 HMPV-positive visits and 1 (0.1%) had 3 HMPV-positive visits over the study period. The multiple visits in each patient occurred in different respiratory seasons.
RESULTS

Seasonality
Human metapneumovirus demonstrated winter seasonality with peak activity between February and April. There was significant annual variation in HMPV positivity and the proportion of children with positive tests who were hospitalized ( Figure 1 ).
Demographics and Clinical Characteristics
Eight hundred fifteen hospitalized patients were included in the cohort (Figure 2 ). Demographic characteristics of the hospitalized children are shown in Table 1 . The majority of hospitalized children (65%) were <2 years, and 89% were <5 years. There was a slight male predominance (56.3%).
One or more CCCs were documented in 453 (56%) children hospitalized with HMPV infection. Pulmonary disorders were the most common, accounting for 83% of CCCs; 222 (27%) children had a history of asthma. The proportion of children hospitalized with HMPV who had a CCC increased with age (36% among children <6 months to 83% among children 5-17 years, P < .001).
One hundred forty-three (18%) children were treated in the ICU, and 46 (6%) required intubation and mechanical ventilation ( Table 2 ). In univariable analyses, children with CCCs were significantly more likely to require ICU admission (OR, 4.3; 95% CI, 2.7-6.7) and mechanical ventilation (OR, 7.1; 95% CI, 2.8-18.2). Older children were also more likely to require ICU admission (OR, 1.1; 95% CI, 1.0-1.1). In multivariable analyses when the presence of a CCC was added as a covariate, CCCs were associated with ICU admission (adjusted OR [aOR], 4.0; 95% CI, 2.6-6.4) and mechanical ventilation (aOR, 7.5; 95% CI, 2.9-19.3), but age was no longer significant ( p > .2).
One or more additional respiratory viruses were detected in 11% of children with HMPV infection; 43% of coinfections were with rhinovirus. Sixty-two percent of children with laboratory-confirmed HMPV infection received antibiotics. Bacterial cultures of blood, CSF, or pleural fluid were obtained in 403 (49%) children. A bacterial pathogen was isolated in 18 children (4.5% of children with cultures obtained; 2.2% of all hospitalized children with HMPV), including the following: 8 S pyogenes, 5 S pneumoniae, 1 S aureus, 1 Enterococcus faecalis, and 3 others. Six children had bacteremia alone, 2 had bacteremic pneumonia, and 10 had parapneumonic empyema. No bacteria were isolated from the 48 (6%) CSF samples submitted for culture.
There were 2 deaths among children hospitalized with HMPV. Both deaths were in young patients: 1 had significant underlying cardiac disease, and the other was healthy. Both presented with cardiorespiratory failure outside the hospital. The first patient was a 49-day-old female who presented to a clinic with a history of poor feeding with significant diaphoresis and perioral cyanosis with feeds. She was admitted at PCH and discovered to have truncus arteriosus type 1 with congestive heart failure. Two days before admission, she tested positive for HMPV because of respiratory distress. She underwent emergent heart surgery after acute clinical decompensation. After surgery, she developed multisystem organ failure and a massive intracranial hemorrhage. Medical support was withdrawn after a patient care conference. The second patient was a 5-month-old previously healthy male, who presented to an outside hospital with (1) a day's history of poor feeding and (2) respiratory distress with significant diaphoresis. After cardiac arrest and resuscitation, he was transferred to PCH the same day. Upon arrival, his electroencephalogram showed low voltage consistent with a severe anoxic brain injury, and magnetic resonance imaging revealed evidence of ischemia. His subsequent cardiac catheterization did not reveal evidence of anomalous coronary arteries. After 3 days without significant change, the parents elected to withdraw support. Viral testing was performed at the time of admission and the following day, both of which were positive for HMPV. With the 2 deaths, blood cultures and tests for other viral pathogens were negative. The extent to which HMPV contributed to the deaths is unknown.
Length of Stay and Hospital Costs
Hospital LOS and costs for children hospitalized with HMPV are shown in Table 3 . Overall, the median hospital LOS was 2.8 days (interquartile range [IQR], 1.8-4.6 days) and the median cost was $5513 (IQR, $3850-$9946). There was no difference in LOS by age. However, costs were significantly higher among children 5-17 years compared with other age groups ($6198 vs $5272: P = .038). Compared with healthy children, those with CCCs had significantly longer LOS (3.1 vs 2.5 days) and higher costs ($6671 vs $4738; P < .001 for both).
Among children with a CCC, those with chronic pulmonary conditions other than asthma, neuromuscular, neurologic, genetic, and metabolic conditions had longer LOS and higher costs compared with those with asthma and cardiac conditions (Supplemental Table) . Children with 2 or more CCCs had significantly longer hospital LOS and higher hospital costs compared with children with only 1 CCC (P < .001 for both).
Hospitalization Rates
A total of 613 (75%) children hospitalized with HMPV at PCH were Salt Lake County residents. The overall hospitalization rate was 36 of 100 000 person-years among children <18 years, 108 of 100 000 person-years among children <5 years of age, and 200 of 100 000 person-years for children <2 years of age. Hospitalization rates were highest in children <2 years, and these rates dropped sharply with increasing age (Figure 3) . 
DISCUSSION
In this 6-year study of children hospitalized with laboratory-confirmed HMPV, we found evidence of substantial clinical and economic burden of HMPV infection as demonstrated by hospitalization rates, severity, and total hospital costs. The average incidence of hospitalization for HMPV among Salt Lake County residents was 36.4 of 100 000 children <18 years and 200 of 100 000 children <2 years, similar to influenza incidence rates [18, 29] . More than half of children hospitalized with HMPV had a CCC, the majority with chronic pulmonary conditions. If the observed hospitalization rates and costs are extrapolated to the US population using mean hospitalization rates and median hospital costs, we estimate that HMPV may result in 27 000 hospitalizations annually in children <18 years with a mean estimated medical cost of $277 million (95% CI, $246-$308 million).
Human metapneumovirus was detected in 5% of children with a respiratory sample submitted for viral testing during the study period, representing the fourth most common respiratory virus detected after RSV (20%), rhinovirus (17%), and influenza (8%), and similar to that of PIV (5%). In previous studies of HMPV in children 5 years, HMPV was detected in 2.5%-11.3% of respiratory samples and was the second or third most commonly detected respiratory virus [14, [30] [31] [32] [33] . Our findings reinforce the important role of HMPV in acute respiratory infections in children.
Previous studies reported observing alternating year epidemics of HMPV [34, 35] . In this study, years with high HMPV activity in the winter were occasionally followed by years with low HMPV activity that peaked during the spring. The cause of this biannual periodicity remains unknown. However, annual changes and replacement of the predominant circulating HMPV subgroups (A1, A2a, A2b, Mann-Whitney test for pairwise comparison, P < .001 (LOS) and P < .001 (Cost). Mann-Whitney test for pairwise comparison, P < .001 (LOS) and P < .001 (Cost).
e Mann-Whitney test for pairwise comparison, P < .001 (LOS) and P < .001 (Cost). B1, and B2) and short-term herd immunity may play a role [36] . In our study, 18% of children hospitalized with HMPV required ICU admission and 7% required mechanical ventilation, comparable with previously published reports and similar to influenza [18, 22, [37] [38] [39] [40] . Patients with CCCs were significantly more likely to require ICU admission and mechanical ventilation. In this study, there were 2 deaths (0.2%), which is consistent with previous reports describing the low case-fatality rate associated with pediatric HMPV infections, despite the large proportion of children with CCCs [14, 22, 38] .
A secondary bacterial infection was diagnosed in 4.5% of children who had specimens obtained for bacterial culture (2.2% of the entire study population). When compared with other respiratory viruses, rates of secondary bacterial infection with HPMV were slightly higher than those reported for influenza (<2%) [18, 41, 42] , RSV (<1%) [43] , or AV (1.4%) [44] . Interactions between respiratory viruses and subsequent bacterial infections have been well documented; however, there are very few data describing the interactions between bacteria and HMPV [45, 46] . Like infections with influenza, we previously reported a correlation between seasonal epidemics of HMPV and increases in invasive pneumococcal disease in children [47] . The relatively frequent identification of S pyogenes among children with primary HMPV infection in this study is intriguing. Similar increases in S pyogenes infection have been reported after influenza and varicella infection [47] [48] [49] . Further studies are needed to evaluate the interaction between HMPV and S pyogenes.
Complex chronic conditions have been previously reported to be associated with severe HMPV infection. The proportion of children requiring hospitalization for HMPV who also had CCCs in our study is comparable to those previously observed [22, 23, 50] . Similar to Hahn et al [22] , medical conditions such as asthma, chronic pulmonary disorders, cardiac disorders, neurologic/neuromuscular disorders, and genetic/metabolic disorders were most commonly identified.
The proportion of children with CCCs increased with age, suggesting these conditions are important risk factors for hospitalization for HMPV among older children. Complex chronic conditions were associated with longer hospital LOS and higher costs, except for children 5-17 years of age.
The high rates of HMPV-associated hospitalizations we observed were similar to those observed in the Centers for Disease Control and Prevention's New Vaccine Surveillance Network (NVSN) of 300, 200, 100, and 100 per 100 000 children <6 months, 6-11 months, 12-23 months, and <5 years, respectively [50] . Compared with other respiratory viruses, the hospitalization rates we observed are higher than influenza hospitalization rates reported by the NVSN from 2004-2007 [51] as well as in Salt Lake County from 2001-2004 [18] . Even so, our study findings are lower than hospitalization rates reported in a 1-year study from the United Kingdom of 126 of 100 000 in children <6 years [30] and 260 of 100 000 children <36 months of age in Spain over a 3-year period [52] . Altogether, our estimates are consistent with others when one factors in the different seasons studied, the duration of our study, seasonal variations in the incidence of HMPV, and various viral detection methods.
The total cost for children hospitalized with HPMV varied annually, ranging from a low of $651 000 in 2010-2011 to a high of $3 million in 2009-2010. The total direct costs associated with HMPV hospitalizations were $7.9 million over the study period. Children <2 years, 2-4 years, and 5-17 years accounted for 63.1%, 24.4%, and 12.5%, respectively, of the total hospital cost. Extrapolating our data to the US population, we estimate that each year approximately 27 000 children <18 years in the United States are hospitalized with HMPV at a cost of $277 million (95% CI, $246-$308 million). For children <5 years, we estimate that 22 000 children are hospitalized each year with HMPV, which is similar to that reported by Edwards et al [50] . Our estimates for HMPV are also similar to those reported for influenza, which is estimated to result in 8000-30 000 hospitalized children each year; however, national estimates for the costs of influenza hospitalizations were lower ($44-$163 million) [18, 53] . Our estimates of the burden of HMPV are comparable with those reported for PIV (63 000-70 000 hospitalizations annually at a cost of $190-$215 million) [52, 53] , and the estimates are somewhat lower than those reported for RSV (86 000 children <5 years hospitalizations annually at a cost of $390 million) [54] .
With the increasing appreciation of the clinical and economic burden associated with HMPV infection, there is ongoing research into the development of preventive vaccines and other monoclonal antibody therapies [55] [56] [57] . Our data have the potential to inform the selection of priority groups for potential vaccination. Vaccination of all children <2 years has the potential to provide coverage for 79% of children hospitalized with HMPV, and expanding vaccines to older children with CCCs would increase coverage to 94% (Supplemental Figure) .
This study has several limitations. Although we excluded patients whose primary reason for admission was not directly attributable to HMPV infection, not all outcomes, LOS, or hospital costs are necessarily due entirely to HMPV. However, outliers for hospital cost and LOS were reviewed. We did not systematically collect data on CCCs for children with HMPV who were not admitted so we were unable to examine risk factors for hospitalization. Our estimates of the economic burden of HMPV hospitalizations do not account for indirect medical costs such as parental work absences. It is possible that we may have missed important outcomes such as positive bacterial cultures performed at an outside facility before transfer to our hospital. Lastly, viral testing methods changed during the study period, which may have resulted in an underestimation of the incidence of HMPV during the first 2 years of the study due to the use of less sensitive DFA testing methods.
CONCLUSIONS
Human metapneumovirus is a common respiratory pathogen among young children. Hospitalization rates were lower than those for RSV, similar to those for influenza, and higher than those for PIV. Unlike RSV and PIV and similar to influenza, HMPV infection affects a broader age group, including school-aged children. Human metapneumovirus infection was associated with substantial morbidity, including bacterial superinfection, resource utilization and costs, particularly in children with chronic medical conditions. The development of a safe and effective vaccine has the potential to reduce the significant clinical and economic burden of HMPV.
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